n African mormyrid fishes, evolutionary change in a sensory region of the brain established an ability to detect subtle variation in electric communication signals. In one lineage, this newfound perceptual ability triggered a dramatic increase in the rates of signal evolution and species diversification. This particular neural innovation is just one in a series of nested evolutionary novelties that characterize the sensory and motor systems of mormyrids, the most speciose group of extant osteoglossomorph fishes. Here we discuss the behavioral significance of these neural innovations, relate them to differences in extant species diversity, and outline possible scenarios by which some of these traits may have fueled diversification. We propose that sensory and motor capabilities limit the extent to which signals evolve and, by extension, the role of communication behavior in the process of speciation. By expanding these capabilities, neural innovations increase the potential for signal evolution and species diversification.
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Neural Innovations in Mormyroid Electric Fishes
Communication often plays a key role in animal speciation. In African weakly electric fishes (superfamily Mormyroidea), an innovative electric communication system has arisen from a number of component evolutionary novelties. 1, 2 Recent investigation of the influence of these novel traits on mormyroid species radiation sheds new light on the interplay among animal According to Pigliucci, 3 "evolutionary novelties are new traits or behaviors, or novel combinations of previously existing traits or behaviors, arising during the evolution of a lineage, and that perform a new function within the ecology of that lineage." To evolutionary developmental biologists, "novelty" represents a discontinuity in homology, 4 yet evo-devo also recognizes that novelties arise from preexisting traits, often building upon deeper homologies. 5 The related evolutionary concept of "key innovation" emphasizes the effect that new traits can have on the tempo and breadth of species radiation. According to its most common usage, a key innovation is a trait that allows a lineage to invade underutilized ecological or phenotypic space, facilitating an increase in species diversification rate. [6] [7] [8] Clearly, many component traits of electrocommunication in mormyroid fishes are novelties. In addition, some of these traits have recently been found to fit the definition of key innovation, 1,2,9 as they are associated with dramatic increases in rates of species diversification and phenotypic (signal) divergence 10 ( Fig. 1) . Ampullary electroreceptors serve in the passive sensing of bioelectric fields, thereby mediating prey detection, and sometimes predator avoidance and mate localization. 19 Although they appear to be an ancestral vertebrate trait, ampullary electroreceptors were lost during the evolution of teleost fishes, only to be rediscovered in the lineage leading to both mormyroids and their sister taxon, the Notopteridae.
Neural innovations and the diversification of African weakly electric fishes
artICLe aDDeNDum electric signals, the waveform of the pulsetype EOD itself and interpulse intervals (IPIs) between EODs 24,26 (Fig. 2) . Within clade A, the fine temporal structure of the EOD waveform plays a critical role in species recognition and mate choice, 27-31 and this is associated with relatively high rates of EOD waveform divergence. 1, 9 By comparison, non-clade A species, all of which lack the unique combination of electrocyte stalk flexibility and an enlarged ELa/ ELp (Fig. 1) , have experienced much lower rates of EOD waveform evolution 1 ( Fig. 2) , suggesting that these species have not exploited temporal features of the EOD waveform for communication.
This raises an obvious question: what do mormyrid species outside of clade A use for species recognition and mate choice? Within the electrosensory domain, the frequency content of EODs (i.e., power spectra) could potentially be used for species recognition, 32, 33 although there is considerable overlap among the power spectra of sympatric non-clade A petrocephaline species (Fig. 2) . Another possibility is that species outside of clade A could use IPIs for species recognition and mate choice, similar to the role of pulse repetition rates in within the subfamily Petrocephalinae, an electrosensory region of the midbrain called the exterolateral nucleus (EL) became enlarged and subdivided into separate anterior and posterior divisions (ELa/ELp). 1 This neuroanatomical change resulted in a newfound ability to detect subtle variation in EOD waveforms. 1 Only clade A within the subfamily Mormyrinae possesses each of these neural innovations: there are more than 160 described, valid, extant species within this recently-evolved clade, 10 plus at least 15 additional undescribed species; 1,14-17 by contrast, there are just 57 extant species among all other osteoglossomorph lineages combined 10 ( Fig. 1) .
Exploitation of Electric Signal Space
The evolution of electric organs and tuberous electroreceptors established a fairly private channel of communication, relatively free from constraints imposed by environmental effects, predators and competing signalers. 9, 24, 25 In mormyrids, the resulting exploitation of signal space took place in the form of two distinct aspects of Among osteoglossomorphs, only mormyroid fishes possess electric organs that actively generate electric organ discharges (EODs) as well as the tuberous electroreceptors that detect them, together mediating electrocommunication 20 and active electrolocation 21 (orientation and navigation based on detecting distortions in the self-generated electric field). The electric organs of mormyroids are composed of excitable cells called electrocytes that are derived from skeletal muscle but exhibit a number of novel modifications including the loss of contractile ability. 22 The evolution of electrocyte stalks in the family Mormyridae, 22 and later, developmental flexibility in stalk morphology in the subfamily Mormyrinae, 12 established an enhanced capacity for generating a variety of EOD waveforms. 1 Further, a corollary discharge pathway that relays the timing of EOD output to electrosensory processing regions allows mormyrids to separately process information related to electrocommunication and active electrolocation, and to adaptively filter this information based on changing conditions. 23 Finally, in two separate mormyrid lineages, one within the subfamily Mormyrinae and another 11-13 the evolutionary origins of sensory novelties (red), motor novelties (blue) and sensorimotor novelties (violet) are based on most parsimonious reconstructions of trait distribution across extant lineages. estimated total numbers of extant species in each lineage (N) are shown, based on a combination of valid species counts, 10 and estimated numbers of undescribed species.
distinct (Fig. 2) 34 and anuran amphibians. 35 A comparison of IPI distributions from several freshly-caught field specimens provides preliminary support for this hypothesis: Figure 2 . electric signal components in two lineages of mormyrids, clade a within the subfamily mormyrinae (red) and the non-clade a subfamily Petrocephalinae (blue). the electric organ discharge (eOD) is a stereotyped, all-or-none pulse of electricity with a species-typical waveform (top left) and power spectrum (top right). eOD waveforms were recorded from individuals collected in two different locales.
1 multiple waveforms from different individuals of the same species are superimposed, amplitude-normalized, plotted head-positive up and aligned to the head-positive peak (except for Paramormyrops sp teN, for which waveforms are aligned to the head-negative peak). the left and right columns show waveforms at two different timescales (1 ms and 0.1 ms scale bars, respectively). the longest waveforms are shown only in the left column. Spectral contents of the same eODs are shown as the mean peak power frequency (±Sem), with the shaded area corresponding to the mean bandwidth of the power spectra, 3 dB below the peak power. the interpulse interval (IPI) is variable (bottom). IPI histograms with a bin size of 5 ms were obtained from 10 min recordings of freshlycaught specimens from southeastern Gabon. Shown are two individuals of each of three species within the genus Paramormyrops and two individuals of each of three species within the genus Petrocephalus.
that direct sexual selection on EODs may have acted as the earliest driver of divergence in many mormyrid species. However, no data have yet illuminated the precise evolutionary mechanisms 42 by which sexual selection presumably arose and persists in clade A.
Mechanisms underlying large species radiations are likely to be multifaceted, and sexual selection has certainly operated in concert with other factors during the radiation of clade A. For example, divergent sexual selection has a much greater scope for driving speciation when it is coupled with at least some spatial isolation among populations. 43, 44 Drift can also cause divergence among isolated populations, particularly when they are small. In riverine systems in which the radiation of clade A species has been most extensive, opportunities for geographic isolation exist among headwater tributaries and across main channel discontinuities such as waterfalls or the low velocity runs that isolate patches of riffles. 16, 45 It is also possible that ecologically-based divergent natural selection may be the primary cause of mormyrid species divergence in some cases. Under this scenario, reinforcement 46 and reproductive character displacement 47 can subsequently enhance EOD differences among evolving species. When a single trait simultaneously experiences divergent natural selection and governs assortative mating due to pleiotropic coupling, it is referred to as a magic trait. 48 Such traits can greatly facilitate speciation because, in these cases, selection does not have to overcome recombination between genes underlying a key ecological trait and one or more mating trait(s). 49, 50 A magic trait hypothesis was recently proposed for EODs in clade A mormyrids because these signals function both in mate choice and active electrolocation. 51 While this hypothesis certainly merits consideration due to the dual function of EODs, demonstrating that EODs act as magic traits will require studies showing that EOD variation among species is environmentally optimized and/or that interspecific divergence in these signals relates systematically to resource or habitat use patterns. It will also need to account for the dramatic sexual signal dimorphisms observed in many clade A species, 17,20,24 which do not intraspecific sexual selection on EODs via female choice 29 have been demonstrated for clade A mormyrids, although studies of within-population sexual selection on EODs are needed in additional species. Demonstrating a continuum (among populations and species) from directional sexual selection to stabilizing selection for species recognition provides evidence that sexual selection has contributed to speciation. [38] [39] [40] Among mormyrids outside clade A there is no evidence of either species recognition or sexual selection targeting variable EOD features. Second, many clade A species exhibit a hallmark of sexual selection: strong sexual dimorphism of a courtship trait (here, the EOD) that is preferred by females and/or affects the outcome of male-male contests. 17,20,24 Sexual dimorphisms of EODs are absent or weak outside clade A.
17 Importantly, we find EOD sex differences in the most basal group within clade A (Mormyrops; Fig. 3 )-a speciose lineage with high interspecific EOD diversity that is the sister group of all other clade A species. 10, 41 Third, based largely on clade A mormyrids, EODs have diverged much more rapidly than traits that are directly linked to ecology 9 (i.e., ecomorphology and trophic resource use). Unless key axes of ecological divergence have gone undetected, this suggests then this would limit the degree to which they could vary IPIs to communicate additional information. Thus, by establishing a new signal dimension to code for species identity, the ability to both generate and detect variation in the fine temporal structure of EOD waveforms in clade A would have expanded the total information carrying capacity of electrocommunication.
Evolutionary Scenarios and Mechanisms of Selection
Neural innovations can only be part of the mechanism responsible for higher rates of signal divergence and species diversification in clade A. One or more agents of selection, and/or other influences on divergence, must have been coupled with these innovations to cause the increased tempo of evolution observed in this lineage. One possible agent is sexual selection by female mate choice, which can be a potent driver of speciation because it acts directly on signals involved in premating reproductive isolation. 36, 37 Several patterns of phenotypic variation in clade A suggest that divergent sexual selection between geographically isolated populations may have contributed to the radiation of this group. First, both species recognition based on EODs 27,28,30,31 and all recordings were made in Gabon. In both species, adult males (shown in gray) generally have longer eODs than adult females and juveniles (shown in black). this is reflected in significantly lower peak power frequencies and smaller bandwidths in males of both species (bar plots show the mean ± Sem; *p < 0.01 based on two-sample t-tests).
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12. Sullivan JP, Lavoué S, Hopkins CD. unique perceptual and motor abilities, 66, 67 as well as a permanently descended larynx essential for phonetic articulation. 68 We propose that rapid diversification triggered by neural innovation is most likely to occur when an innovation is directly related to the generation or detection of signals used specifically for mate choice and species recognition, as opposed to signals used more broadly in other social contexts. In the latter case, neural innovations related to communication can increase information transmission within a species, as in the evolution of human language. 68 Here, the exploitation of signal space is realized by the expansion of a single species' range of communication behavior, rather than by different species each occupying distinct regions within an expanded signal space.
presently appear to underlie intraspecific resource use polymorphisms. 9 Regardless of the selection pressures and other evolutionary influences that have been most important in speciation, we propose that greater opportunity for EOD divergence and an enhanced capacity for these signals to communicate information on nascent gene pool membership would have facilitated diversification under any of the evolutionary scenarios discussed above. Upon secondary contact following slight ecological divergence in allopatry by natural selection or drift, for example, a communication channel with higher information carrying capacity may prolong an initial period of weak adaptive isolation until further ecological divergence evolves and stabilizes long-term species coexistence.
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Neural Innovations and the Evolution of Signals and Species
Diverse communication signals and novel neural structures are found in a number of speciose lineages such as orthopterans, 34, 53 anurans, 35 ,54 bats 55,56 and songbirds, 57, 58 suggesting that neural innovation may prove to be a general mechanism for triggering rapid diversification. Indeed, increased anuran diversification has been linked to anatomical change in the inner ear, 59, 60 and modeling studies suggest that high rates of songbird diversification may relate to song learning, 61, 62 mediated by a specific neural circuit. 63 The evolution of signal diversity depends on both the ability of senders to exploit new regions of signal space and the ability of receivers to detect the resulting signal variation.
1 Therefore, to the extent that communication fuels speciation, 64 the sensory and motor capabilities of animals can limit the rate of species diversification. However, neural novelties are not sufficient to trigger rapid diversification; the right form of selection and/or evolutionary scenario is necessary for these novelties to act as key innovations that drive signal divergence and species diversification. An illustrative example are the hominins (modern humans and closely-related extinct lineages), which have not exhibited particularly extensive species radiation, 65 but are nevertheless characterized by dramatically enlarged brains conferring ©2 0 1 1 L a n d e s B i o s c i e n c e .
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